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We describe Doppler-only radar observations of near-Earth
asteroids 2062 Aten, 2101 Adonis, 3103 Eger, 4544 Xanthus,
and 1992 QN that were obtained at Arecibo and Goldstone
between 1984 and 1996. Estimates of the echo spectral
bandwidths, radar cross sections, and circular polarization
ratios of these objects constrain their pole-on breadths, radar
albedos, surface roughnesses, taxonomic classes, rotation peri-
ods, and pole directions. Aten’s bandwidth is consistent with
its radiometrically determined diameter of 0.9 km. Adonis
has a rotation period P < 11 h and an effective diameter
(the diameter of a sphere with the same projected area as
the asteroid) between 0.3 and 0.8 km. The radar properties
of Adonis suggest it is not a member of taxonomic classes
C or M. The effective diameter of Xanthus is between 0.4
and 2.2 km with a rotation period P = 20 h. Echoes from
1992 QN constrain the asteroid’s pole-on breadth to be =0.6
km and probably exclude it from the C and M taxonomic
classes. The strongest Eger echoes are asymmetric with band-
widths that set lower bounds of 1.5 and 2.3 km on the
minimum and maximum breadths of the asteroid’s pole-on
silhouette. If Eger is modeled as a 1.5 X 2.3 km biaxial
ellipsoid, then its effective diameter for an equatorial view
is 1.5 km end-on and 1.9 km broadside or pole-on, implying
a geometric albedo smaller than published values but still
consistent with a classification as an E-type object. The near-
unity circular polarization ratios of Adonis, Eger, and 1992
QN are among the highest values measured for any asteroid
or comet and suggest extreme near-surface roughness at
centimeter to meter scales. 01997 Academic Press
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1. INTRODUCTION

We report the first radar detections of near-Earth
asteroids (NEAs) 2062 Aten, 2101 Adonis, 3103 Eger,
4544 Xanthus, and 1992 QN from observations conducted
at Arecibo and Goldstone between 1984 and 1996. Rota-
tion rates, lightcurve amplitudes, visual geometric albe-
dos, and taxonomic classes have been reported for Aten
and Eger, but very little is known about the physical
properties of Adonis, Xanthus, and 1992 QN (see Table
I and references therein). Our observations achieved
rather modest signal-to-noise ratios (SNRs) and resolved
echoes in Doppler frequency but not, except for Eger,
in time delay. Nonetheless, our results offer novel con-
straints on each target’s characteristics. The next section
outlines our experimental techniques and then we de-
scribe observations in the order Aten, Xanthus, Adonis,
1992 QN, and Eger, corresponding roughly to increasing
caliber of the experiments. We then discuss the unusual
polarization signatures of Adonis, Eger, and 1992 QN
and conclude with prospects for future observations with
the upgraded Arecibo radar.

2. OBSERVATIONS

Our observational, reduction, and analysis techniques
emulate those described most recently by Mitchell et al.
(1995) and Ostro et al. (1992, 1996b). Table II summarizes
key observational parameters. Each observing cycle (run)
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TABLE I
Physical Properties
Asteroid a (AU) e i(°) H Dy D (km) Class P (h) Am
2062 Aten 0.97 0.183 18.9 17.17 0.20 0.9>¢ N 40.777 0.26/
2101 Adonis 1.87 0.765 1.35 18.7"
3103 Eger 1.41 0.355 20.9 15.2k! 0.53-0.63/ 1.4-1.5/ E/ 5.709 0.7-0.9¢8-+!
4544 Xanthus 1.04 0.250 14.1 17.1
1992 ON 1.19 0.359 9.59 17.0%8 5.990# 1.1¢

Note. a, e, and i are the semimajor axis, eccentricity, and inclination of the asteroid’s orbit. H is the asteroid’s absolute visual magnitude, p, is
the geometric albedo, D is the diameter in kilometers, class refers to the taxonomic class (Tholen and Barucci 1989), P is the synodic rotation
period in hours, and Am is the lightcurve amplitude. The taxonomic classes and values of H, p,, D, P, and Am were taken from the references indicated.

4 Gradie (1976).

b Cruikshank and Jones (1977).
¢ Gaffey et al. (1992).

4 Marsden (1996).

¢ Morrison et al. (1976).
/Mottola et al. (1995).

8 Pravec (1996, personal communication).
" Tedesco (1990a).

i Tedesco (1990Db).

/Veeder et al. (1989).

K Wisniewski (1987).

! Wisniewski (1991).

consisted of transmission of a circularly polarized continu-
ous wave (cw) for the expected round-trip light travel
time for the target, followed by simultaneous reception
of echoes for a comparable duration in the opposite
(OC) and same (SC) senses of circular polarization. For
some observations of Adonis and Eger, linearly polarized
waveforms were transmitted and echoes were received
in the same-linear (SL) and orthogonal-linear (OL) polar-
izations. A subset of Eger observations used coarse-
resolution binary phase-coded waveforms to determine
the asteroid’s range.

Our reduction of raw data (echo power spectra) included
background removal, calibration, and the formation of
sums of spectra weighted by signal strength. In our figures,
echo power is plotted vs Doppler frequency, with 0 Hz
corresponding to hypothetical echoes from the target’s cen-
ter of mass (COM) [COM frequencies were estimated sub-
jectively; absolute Doppler frequencies were reported by
Ostro et al. (1991a, 1996a) and are available on the Internet
at the JPL Solar System Dynamics website at: http://
ssd.jpl.nasa.gov/ (Chamberlin et al. 1997)]. Echo power
is given by Pr = PrG1GrA%c/(4m)°R*, where Pr is the
transmitted power, Gt and Gy are the antenna’s gain dur-
ing transmission and reception, A is the radar wavelength
(equal to 12.6 cm at Arecibo and 3.52 cm at Goldstone),
and R is the target’s distance. Our figures plot Pg in units
of standard deviations of the noise. The radar cross section
o, which can be thought of as the target’s radar luminosity,
equals 47 times the backscattered power per steradian
per unit flux incident at the asteroid and is estimated by
integrating power spectra. The circular and linear polariza-

tion ratios are uc = osc/ooc and wp, = oo/ osL. e is the
more widely used measure of near-surface wavelength-
scale roughness (Ostro 1993). Uncertainties in o are domi-
nated by systematic pointing and calibration errors that
are typically between 20 and 50%; due to the low SNR of
the observations reported here, we adopt conservative one-
standard-deviation errors of 50%. For uc and w, system-
atic effects largely cancel and the remaining statistical er-
rors propagate from receiver noise.

Among observations of near-Earth asteroids reported
to date, uc has values between ~0.1 and ~1.0 with a mean
and rms dispersion of 0.3 = 0.2 (Ostro et al. 1991a) that
indicate rougher surfaces than are observed among main-
belt asteroids (0.11 = 0.08; Ostro et al. 1985). An object’s
OC radar albedo is given by

(i'oc = Uoc/A = 40'0c/7TD§ff, (1)

where A is the target’s projected area and D is the effec-
tive diameter of a sphere with the same projected area as
the target. Published asteroid radar albedos vary from 0.04
for the G-class MBA 1 Ceres (Mitchell et al. 1996) to a
maximum of 0.58 for the M-class NEA 6178 (1986 DA)
(Ostro et al. 1991b).

Echo power spectra represent one-dimensional images
that can be thought of as brightness scans through a slit
parallel to the target’s apparent spin vector. The echo’s
instantaneous bandwidth B is related to the radar wave-
length A and the target’s physical properties by

B = 4aD(¢) cos 6/(AP), 2)
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where D is the breadth of the plane-of-sky projection of
the pole-on silhouette at rotation phase ¢, P is the apparent
rotation period, and & is the angle between the radar line-
of-sight and the object’s apparent equator. Expressing B
in hertz, D in kilometers, and P in hours gives D/P =
B/27.7 cos 6 for Arecibo and D/P = B/99.7 cos 6 for
Goldstone.

If P is known, then measuring B and setting cos § = 1
establishes a lower bound on the asteroid’s maximum pole-
on breadth D . If P is unknown (e.g., Adonis and Xan-
thus), the joint constraint (2) defines a space of possible
values of D, P, and 8. In this case, we find it interesting
to consider implications of a conditional lower bound on
D ... that rests on the assumption that the rotation period
is at least 4 h, which is true for about 80% of the values
reported for NEAs (Chapman et al. 1994). This conditional
constraint, which we will write as D(P = 4), can be
combined with an estimate of radar cross section to make
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conditional statements about radar/optical albedo and tax-
onomic type.

Our ability to discern the echo’s bandwidth depends on
the signal-to-noise ratio, the target’s shape, and the radar
scattering law. For Adonis, Eger, and 1992 QN we take
advantage of their near-unity circular polarization ratios
by constructing total power (OC + \S/@ spectra that in-
crease the SNR by a factor of about V2 compared to the
SNR for either OC or SC alone. Still, for all our targets, the
low SNRs preclude precise measurement of B. Moreover,
lacking prior information about target shape and scattering
law, it is difficult to assess the accuracy of any plausible
spectral-edge estimator. Based in part on experience with
modeling echoes from other asteroids, we have chosen to
use the “innermost 2-sigma crossings,” that is, we take B
to be the separation of the frequencies (one lower than
the estimated center-of-mass frequency and one higher),
where the echo power first drops to two standard devia-

TABLE II
Observations
Target Date Observatory RA (°) DEC (°) runs At (UTC hours)  A¢ (°) Distance (AU) Setup POS motion (°) Pol’n
2062 Aten 1995 Jan 16 G 84.9 339 65 02.57-11.42 0-78 0.130 195 Hz 1 C
2101 Adonis 1984 Jul 14 A 138.1 1.5 25 17.28 - 18.99 0.083 0.12 Hz C
1984 Jul 15 A 135.1 4.7 21 17.73 - 1894 0.095 0.12Hz C
1984 Jul 16 A 132.7 7.1 36 16.62 - 18.82 0.107 0.12 Hz 13 C
1984 Jul 17 A 130.8 9.0 34 16.47 - 18.73 0.120 0.12 Hz C
1984 Jul 18 A 129.2 10.6 32 16.13 - 18.61 0.133 0.12Hz L
3103 Eger 1986 Jul 16 A 341.8 7.6 12 06.87 - 08.38 0-92 0.238 0.61 Hz C
1986 Jul 17 A 343.2 7.1 13 07.07 - 08.63 86-179 0.230 0.61 Hz C
1986 Jul 18 A 344.7 6.5 13 06.99 - 08.49 155 - 246 0.222 0.61 Hz 7 C
1986 Jul 19 A 346.4 5.8 14 07.06 - 08.63 232 -329 0.215 0.61 Hz L
1986 Jul 20 A 348.0 5.1 14 07.28 - 08.82 319-54 0.208 061 Hz L
1991 Aug 2 G 146 -13.0 29 10.55 - 12.16 0-98 0.129 098 Hz C
1991 Aug 5 G 257 -189 25 13.84 - 15.65 67 -178 0.124 098 Hz 33 C
1991 Aug 10 G 46.1 -274 24 13.96 - 15.78 82-193 0.130 098 Hz C
1996 Jul 29 G 359.0 -7.1 15 08.50-09.71 0-75 0.133 098 Hz 7 C
18 1094-1235 154 - 241 S5usx12.3 Hz
11 14.15 - 14.99 357 -47 7 usx5.86 Hz
1996 Jul 30 G 22 9.3 33 10.07 - 12.90 178 - 349 0.129 098 Hz C
4544 Xanthus 1990 Nov 19 A 246.0 215 27 15.62 - 18.32 0.173 1.02 Hz 0.2 C
1992 QN 1996 Jan 11 G 228.6 46.5 31 10.01 - 13.15 0-183 0.166 195 Hz C
1996 Jan 12 G 2314 49 30 10.00- 1297 3-176 0.164 195 Hz 8 C
1996 Jan 13 G 2340 431 27 10.31-13.01 24 - 181 0.163 195 Hz C
1996 Jan 14 G 236.6 41.3 27 10.34 - 12.99 29-183 0.161 1.95 Hz C

Note. The observations were conducted at Arecibo (A; 2380 MHz) and Goldstone (G; 8510 MHz). Right ascension, declination, and distance
are given for each target at the middle of each date’s observation. The number of transmit-receive cycles (runs) is listed in the sixth column.
At is the interval spanned by observations on each date. A¢ is the rotation phase covered on each date, where the start of reception at the
beginning of the experiment in a given year defines the zero-phase epoch. The relation between Eger’s phase origins in 1986, 1991, and 1996
is unknown. Phase coverage of Adonis and Xanthus is unknown because their rotation periods have not been determined. The tenth column
lists the raw cw frequency resolutions in Hz for each object and the raw delay-Doppler resolutions used to range Eger on 1996 July 29. Target
plane-of-sky (POS) motion between the first and last day of each experiment is indicated. “C” and “L” denote days devoted to circularly and

linearly polarized observations, respectively.
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tions. How we treat this 2-sigma bandwidth in discussion
of results depends on the SNR and the quality of non-
radar information.

3. RESULTS

2062 ATEN (1976 AA)

Aten was discovered by E. F. Helin at Palomar in 1976
and was the first known asteroid with a semimajor axis
of less than 1 AU (Helin and Shoemaker 1977). Aten’s
diameter and V-filter visual geometric albedo were in-
ferred from infrared radiometry by Morrison et al. (1976)
to be 900 = 200 m and 0.2 = 0.07, respectively, making
Aten the smallest known asteroid at the time of its discov-
ery. Cruikshank and Jones (1977) obtained consistent di-
ameter and geometric albedo estimates of 940*303 m and
0.18 = 0.06. Photometric colors measured by Gradie (1976)
and the albedo estimates associate Aten with the S
taxonomic class. Mottola et al. (1995) measured Aten’s
lightcurve and found an amplitude of 0.26 magnitudes,
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indicative of an object that is not substantially elongated,
and an unusually long rotation period of 40.77 £ 0.20 h.
Table I summarizes Aten’s a priori properties.

We observed Aten on a single night (Table II) at a
frequency resolution of 1.95 Hz. An OC weighted sum
from all 65 cw runs (Fig. 1) shows a 20-sigma echo in one
resolution cell and a 4.5-sigma point next to it. The a priori
values of P and D predict an echo bandwidth of 2.3 cos 6
Hz, consistent with our result. We estimate radar cross
sections: ogoc = 0.082 km? and ogc = 0.032 km? (Table
III), yielding a circular polarization ratio, uc = 0.39 =
0.06, that signifies a surface that is rough at decimeter
scales. Aten’s polarization ratio is comparable to those of
1862 Apollo (uc = 0.4) and 3199 Nefertiti (uc = 0.47),
and exceeds ~70% of the polarization ratios among all
radar-detected NEAs (Ostro et al. 1991a, Ostro 1993). If
we take Dy to be 0.94 km, then Aten’s radar albedo is
about 0.12, comparable to the average value estimated
for other S-class asteroids (0.16 = 0.07)(Ostro et al
1991b).

25 —r————
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Goldstone 1995

Resolution = 1.95 Hz
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FIG. 1.

Goldstone echo power spectrum of Aten at the raw resolution of 1.95 Hz. Echo power is plotted in standard deviations versus Doppler

frequency relative to the frequency of echoes from the asteroid’s center of mass. Solid and dashed lines denote echo power in the OC and SC
polarizations. An inset cross indicates rotational phase coverage based on an apparent rotation period of 40.77 h, where the arrow denotes the
zero-phase UTC epoch of 1995 January 16 02:37:09 and phase increases clockwise. Lengths of the radial line segments are proportional to the

standard deviation of each spectrum included in the sum.
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TABLE III
Radar Properties

Goc *50% (km?)

Target OCSNR B (Hz) He 1Y Soc
2062 Aten (G) 20 <4 0.082 0.39+0.056 <0.18
2101 Adonis (A) 13 2 0.02 1.03%0.11 <045

Jul 14 5 1 0.017 1.11£0.20
Jul 15 7 2 0.021 091%0.16
Jul 16 8 1 0.020 1.0310.15
Jul 17 7 2 0.029 0.88+0.14
Jul 18 2 00+£0.2
3103 Eger (A: 1986) 13 9 0.62 0.80+0.11 026+0.14 <033
Eger (G: 1991) 26 39 0.57 0.94 £0.05 <0.30
Aug 2 10 29 0.35 122+0.14
Aug 5 22 39 0.81 0.89+0.06
Aug 10 15 24 0.62 0.79£0.08
Eger (G: 1996) 30 40 0.48 1.02£0.05 <0.26
Jul 29 15 36 0.50 1.13£0.10
Jul 30 26 40 047 1.03£0.06
4544 Xanthus (A) 8 3 0.15 0.0710.12 <15
1992 QN (G) 8 10 0.086 1.1+£0.19 <045
TXRCP(Jan11 & 12) 5 8 0.073 124036
TXLCP(Jan 13&14) 6 10 0.082 1.1£0.28

Note. Radar properties of each target, determined from weighted sums of cw spectra. OC SNR is the OC signal-to-noise ratio obtained
from an optimally filtered weighted spectral sum. B is the echo bandwidth. The bandwidths of Eger were obtained from spectra spanning
~90° of rotation to avoid smear due to Eger’s asymmetric shape. ooc is the OC radar cross section; assigned uncertainties are the root
sum square of systematic calibration errors and are estimated to be =<50% of the radar cross section. uc is the circular polarization ratio
oscl/ooc, and . = oor/os is the linear polarization ratio, where uncertainties are statistical fluctuations due to receiver noise. doc is the
OC radar albedo computed from 1-sigma upper limits in goc. Observations of 1992 QN on January 11-12 and 13-14 used right (RCP)
and left (LCP) circularly polarized transmissions, respectively (see text).

4544 XANTHUS (1989 FB)

We observed Xanthus 20 months after it was discovered
by H. E. Holt and N. G. Thomas at Palomar (Shoemaker
et al. 1989). Figure 2 shows weighted sums of our 27 echo
power spectra both at the raw resolution of 1 Hz and
smoothed to an effective frequency resolution of 4 Hz.
Our estimated polarization ratio, uc = 0.07 = 0.12, is near
the low end of the distribution of NEA values. Lacking
information about the asteroid’s diameter, rotation period,
and spin vector, we use Xanthus’ 2-sigma-crossing band-
width of 3 Hz to set a conditional lower bound on its
maximum pole-on breadth: D,,,(P = 4) = 0.43 km. This
result and the 1-sigma uncertainty in our estimated radar
cross section, ooc = 0.15 km?, place an upper bound on
the radar albedo, doc = 1.5, thatis too high to be very inter-
esting.

Figure 3 shows how the radar albedo and visual geomet-
ric albedo p, of Xanthus depend on its effective diameter.
The figure also indicates representative values of p, for

principal taxonomic classes and condenses information
about the distribution of estimates of other asteroid radar
albedos. Optical geometric albedos as a function of diame-
ter and absolute magnitude H were computed using (Zel-
Iner 1979)

log p, = 6.244 — 21log D — 0.4H. 3)
Radar albedos between 0.04 and 0.3 bound ~90% of known
asteroid radar albedos (Ostro et al. 1991b) and indicate
the most likely range for the radar albedo of Xanthus. A
radar albedo of 0.04, the lowest yet reported for an asteroid
(Ceres, Mitchell et al. 1996), would correspond to D g =
2.2 km and a C-class geometric albedo of 0.05. Substituting
that diameter into Eq. (2) produces a rotation period P =
20 h, a limit that encompasses ~80% of known NEA rota-
tion rates. Unless Xanthus has an exceptionally low radar
albedo <0.04, its diameter is most likely between 0.4 and
2.2 km. The corresponding range of geometric albedos
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FIG. 3. Constraints on the diameter, radar albedo, and visual geometric albedo of Xanthus. Radar albedo appears as a thick solid curve that
is computed from Eq. 1 and Xanthus’ radar cross section (Table III). Thin solid curves denote estimated 1-sigma uncertainty in ¢oc that propagates
from uncertainty in ooc. Superimposed on the radar albedo curve and plotted solely as a function of radar albedo is the distribution by taxonomic
class of main-belt and near-Earth asteroid radar albedos. Allowed geometric albedos are shown (dash-dot curve) and were computed as a function
of diameter using Xanthus’ absolute magnitude (Table I) and Eq. 3; mean and rms dispersions of the geometric albedos for the C, M, S, and E
taxonomic classes (Tedesco 1989) are indicated by asterisks and adjacent thick curves. A vertical dashed line at D,,,x = 0.43 km marks a conditional
lower bound on Xanthus’ pole-on breadth based on its bandwidth (Table IIT) and a rotation period assumed to be at least 4 h.
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TABLE IV
Radar Constraints on Physical Properties
Dinax (km) Desr (km) Prax (h) Pv
(lower (upper (upper (upper
Target bound) bound) bound) bound)
2062 Aten 1.6
2101 Adonis 0.3 0.8 11 0.7
3103 Eger 23 39 0.5
4544 Xanthus 0.4 22 20 14
1992 ON 0.6 1.7 0.8

Note. D is the asteroid’s maximum pole-on breadth determined from
its bandwidth and rotation period; for Adonis and Xanthus, conditional
rotation periods of at least 4 h were assumed. Dy is the effective diameter
determined from the radar cross section and an assumed radar albedo
of 0.04. Py, is the rotation period of Adonis and Xanthus derived from
their radar cross sections and the assumption that their radar albedos
are greater than 0.04. p, is the optical geometric albedo derived from
Dy (equated with D) and the target’s absolute magnitude (Table I)
except for Eger, where we have adopted an upper limit on p, estimated
from a biaxial ellipsoid model (see text).

encompasses taxonomic classes E, S, M, and C. Table IV
summarizes radar constraints on the physical properties
of Xanthus.

2101 ADONIS (1936 CA)

Figure 4 shows weighted sums of echo spectra at the
raw resolution of 0.12 Hz from the four days of circular
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polarization observations and the single day of linear-
polarization observations. Figure 5 shows single-date sums
smoothed to 1-Hz resolution. We cannot see any significant
day-to-day variations in echo bandwidth, spectral shape,
or circular polarization ratio (Table III).

We use Adonis’ 2-sigma-crossing bandwidth of 2 Hz to
set a conditional lower bound on its maximum pole-on
breadth: D,.x(P = 4) = 0.3 km. The weighted sum of all
OC spectra provides an estimate of Adonis’ radar cross
section, goc = 0.02 km?, that is comparable to the smallest
asteroid radar cross sections measured (Ostro et al. 1991a,
Ostro 1993). Treating Dy, as Doy and adopting the 1-
sigma uncertainty in ooc sets an upper bound of 0.45 on
Adonis’ radar albedo that encompasses ~95% of reported
NEA radar albedos.

Figure 6 shows how Adonis’ radar albedo and visual
geometric albedo depend on its effective diameter. If the
radar albedo of Adonis is at least as large as that of Ceres
(0.04), then D < 0.8 km and (let us continue to equate
Dx to Do) Eq. 2 dictates that P < 11 h (Table IV).
Adonis’ radar cross section and absolute magnitude are
consistent with taxonomic classes E and S, but suggest that
Adonis’ radar albedo is less than ~0.1 if Adonis belongs
to the M-class and that its radar albedo is less than that
of Ceres if Adonis is a C-class object.

Surprisingly high circular polarization ratios near unity
were obtained on each of four consecutive days (Fig. 5;
Table IIT). Hoping to constrain theoretical interpretations

10 ) 1 T
2101 ADONIS Resolution = 0.12 Hz
1984 July 14-17 H — 0OC
5F Lo ----SC y
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0
_5 1 s A 1
10 1 ) ]
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S 57 —_—sL .
8
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FIG. 4. Adonis echo spectra.
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FIG. 5. Single-date sums of Adonis spectra.

of the high values of uc, we did dual-linear-polarization
observations on the last day of the experiment and ob-
tained the result: w; = 0.0 £ 0.2. We defer discussion of
Adonis’ polarization signature to Section 4.

1992 ON

A weighted, smoothed sum of the 113 useful OC and
SC spectral pairs from four consecutive observation days
shows echoes at the 8-sigma level when smoothed to 8-Hz
resolution (Fig. 7) and yields a radar cross section of
ooc = 0.086 km? (Table IIT). We estimate 1992 QN’s total-
power bandwidth to be at least 10 Hz, which, using 1992
QN’s rotation period of 5.990 hours (P. Pravec, personal
communication; http://sunkl.asu.cas.cz/~ppravec/neo.html)
and Eq. 2 sets a lower bound of D, = 0.6 km (Table V).

Figure 8 shows the range of diameters and albedos that
are consistent with 1992 QN’s radar cross section and abso-
lute magnitude. The 1-sigma uncertainty in our radar cross
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section and the lower bound on D, set an upper bound
on the radar albedo: 6oc = 0.45. This constraint encom-
passes all reported asteroid radar albedos except that of
M-class asteroid 6178 (1986 DA) (6oc = 0.58) (Ostro et
al. 1991b). If 1992 ON is an M-class object, then its radar
cross section indicates that its radar albedo is less than the
lowest value measured for that class, oc = 0.18 for MBA
97 Klotho (Ostro et al. 1991b). If 1992 QN is a C-class
object, then its radar albedo is less than that of Ceres. If
1992 QN has aradar albedo >0.04, then its effective diame-
ter is unlikely to exceed about 1.7 km.

The first two days of this experiment used right circular
polarization (RCP) transmissions and simultaneous recep-
tion of left circular polarization (LCP) and RCP, and
yielded a surprisingly high SC/OC ratio of 1.1 + 0.19. On
the last two days, we used LCP transmission and simultane-
ous reception of LCP and RCP and obtained consistent
results (Table III), strengthening confidence that there
were no “‘hidden” sources of systematic error in estimation
of uc. We discuss this asteroid’s polarization signature in
Section 4.

3103 EGER (1982 BB)

Eger is the only known E-class near-Earth asteroid
(Veeder et al. 1989) and it may be the parent body of the
enstatite achondrite meteorites (aubrites) (Gaffey et al.
1992, see also Meisel et al. 1995). Photometry by Wisniew-
ski (1987, 1991) and Pravec (1996, personal communica-
tion) yielded synodic rotation periods of 5.71, 5.709, and
5.706 h, respectively, and lightcurve amplitudes between
0.7 and 0.9 magnitudes (Table I). Here we adopt the most
recently published value for Eger’s rotation period (Wis-
niewski 1991). Gaffey et al. (1992) suggested that Eger’s
lightcurve amplitude is indicative of an elongated body
with an aspect ratio of ~2.3. The alternative hypothesis
that the lightcurve amplitude arises from large-scale albedo
variations is not supported by the Gaffey et al. infrared
lightcurve.

We observed Eger at Arecibo in July 1986 and at Gold-
stone in August 1991 and July 1996 (Table II), intervals of
almost exactly 5 years due to a 3: 5 mean motion resonance
between the orbits of Eger and Earth (Milani ez al. 1989).
The Table IIT estimates of wc agree within their standard
errors and the average OC radar cross sections estimated
in the 3 years are consistent within our assigned 50% uncer-
tainty. Hoping to constrain interpretations of the high val-
ues of uc, we did dual-linear-polarization observations on
the last two days of the 1986 experiment (see Section 4).

Figure 9 shows separate weighted sums of the circular
and linear polarization data from 1986. The 1991 and 1996
data sets are much stronger, and for these Figs. 10, 11, 12,
and 14 show weighted sums of data sorted by date and
rotation phase.
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P = 4 h establish conditional lower and upper bounds of D,,.x = 0.3 km and doc = 0.3.
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with a rough-surface scattering law. Eger’s 1996 2-sigma
bandwidth varies between 40 and 27 Hz as the asteroid
rotates (Fig. 14), corresponding to a pole-on elongation of
about 1.5 (somewhat less than proposed by Gaffey et al.
1992) and pole-on dimensions ~(1.5 X 2.3) km/cos 8. Sev-
eral sums over 30° of phase (Figs. 12¢, 14a, and 14f) display
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represent a surface concavity.
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diameter (for an equatorial view) of 1.5 km end-on and
1.9 km broadside or pole-on, both exceeding the Veeder
et al. (1989) result, 1.4-1.5 km. For this simple model,
upper bounds on Eger’s visual geometric albedo are 0.53
end-on and 0.34 broadside or pole-on, implying that the
radiometrically-determined geometric albedos of 0.53—
0.63 obtained by Veeder et al. (1989) may be too high. This
conditional reduction in geometric albedo is insufficient to
change Eger’s taxonomy to the M-class (Fig. 16), which is
characterized by geometric albedos between 0.08 and 0.20
and a mean and rms dispersion of 0.14 and 0.03, respec-
tively (Tedesco 1989). If Eger were an M-class asteroid,
then its radar albedo would likely be less than 0.1 and the
lowest measured for that taxonomic class (Fig. 16). Thus
Eger’s E-classification seems secure.

If our echoes were much stronger, Eger’s 71° angular
motion during our observations (Fig. 17) would provide
tight constraints on its spin vector. As noted above, the
1996 signature argues for a low subradar latitude. Also,
there are hints that the bandwidth within a given rotation-
phase block narrowed from August 5 to August 10, 1991
(Fig. 10b, 10c, 12d, 12¢). That progression presumably cor-
responds to a more pole-on view.

FIG. 9. Eger echo spectra from 1986. Rotational phase coverage is
shown for each day relative to an arbitrary zero-phase UTC epoch of
1986 July 16 06:52:10.
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FIG. 10. Eger echo spectra from 1991. The zero-phase UTC epoch is 1991 August 2 10:33:09. The relation between our zero-phase epochs in
1986 and 1991 is not known.
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FIG. 11. Eger echo spectra from 1996. The zero-phase UTC epoch is at 1996 July 29 08:29:44. The relation between the zero-phase epochs in
1986, 1991, and 1996 is not known. Note the asymmetry of the July 29 spectra.
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FIG. 12. Evolution of total power Eger spectra as a function of
rotation phase in 1991. Each spectrum spans about 30° of rotation and
is filtered to 6-Hz resolution.

4. POLARIZATION SIGNATURES OF ADONIS, EGER,
AND 1992 QN

The near-unity circular polarization ratios of these ob-
jects (Table III) are the highest measured for any asteroid.
The only other NEAs with measured circular polarization
ratios in excess of 0.5 are 1981 Midas (uc = 0.65 = 0.13,
A = 3.5 cm) and 3908 (1980 PA) (uc = 0.78 £ 0.02, A =
13 cm; ue = 0.72 = 0.04, A = 3.5 cm) (Ostro ef al. 1991a).

Anomalously large circular polarization ratios have also
been observed in radar echoes from the icy Galilean satel-
lites Europa, Ganymede, and Callisto (Ostro et al. 1992),
the polar regions on Mars (Muhleman et al. 1991) and
Mercury (Slade et al. 1992), and the Greenland ice cap
(Rignot et al. 1993, Rignot 1995). Those particular polariza-
tion signatures may be due to volume scattering in clean
water ice, with the coherent backscattering effect causing
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at least some enhancement of uc (Mishchenko 1996 and
references therein). Near-unity polarization ratios have
also been observed in radar echoes from a terrestrial basal-
tic andesite lava flow (Campbell et al. 1993), from Alpha
Regio on Venus (Tryka and Muhleman 1992), at oblique
angles from the volcanic Tharsis region on Mars (Harmon
and Ostro 1985), and from steep radar-facing crater slopes
on the moon (Stacy et al. 1997), and thus do not necessarily
indicate an icy composition. SC echoes can be caused by
multiple scattering or by single scattering from surfaces
with radii of curvature comparable to the wavelength, so
coherent backscattering is not their only source (Mish-
chenko 1996). Thus, although the circular polarization ra-
tios and radar albedos of Adonis and 1992 QN may be
comparable to those of Callisto (uc = 1.1-1.3, doc = 0.3),
the high circular polarization ratios observed from other
non-icy terrains argue that uc ~ 1.0 does not satisfy a
necessary or sufficient condition for water ice.

For backscattering from natural targets, uc is expected
to be at least as large as and usually a few times greater
than w; (as is observed for Eger; Table I1I). In the context
of the available rough-surface and coherent-backscatter
literature, Adonis’ combination of wc near unity and up
near zero seems very strange. On the other hand, realistic
treatments of scattering from even simplified physical sys-
tems contain large spaces of parameters that might be
adjustable to match the Adonis results. For example, Mish-
chenko (1996, p. 700) states that coherent backscattering
can “increase the circular polarization ratio and either
increase or decrease the linear polarization ratio.” Thus,
the degree to which coherent backscattering, or for that
matter volume vs surface scattering, might be responsible
for the polarization signatures of Adonis, Eger, and 1992
QN is an open question. What is clear is that the high
circular-polarization ratios of these objects require ex-
treme near-surface roughness at spatial scales within about
an order of magnitude of the radar wavelength. As an
example, high uc might result from multiple internal scat-
tering from a blocky surface overlain by a low-loss, low-
density regolith several decimeters thick. The source of
the roughness is uncertain, although it probably involves
the physics of impact cratering and debris retention on
low-gravity objects.

Is Adonis an inactive comet nucleus? Drummond (1982)
pointed out that the orbit of Adonis (Table I) is similar to
those of several meteor streams and suggested that Adonis
may be a dormant or extinct comet (see also Weissman et
al. 1989). Asher et al. (1993) related Adonis to the Taurid
complex, which consists of Comet Encke, several meteor
streams, and several NEAs with similar orbits. Recently
Valsecchi et al. (1995) identified a dynamical route that
connects Jupiter family comets and some main-belt aster-
oids to the Taurid complex and apparently explains the
presence of Comet Encke and several NEAs within the
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FIG. 13. Total power spectra obtained on opposite sides of Eger in 1996.

putative Taurid population. Adonis’ Tisserand parameter
(given by T = ay/a + 2 cos i[(alay)(1 — €?)]V?, where ajy is
the semimajor axis of Jupiter, and a, e, and i are the semi-
major axis, eccentricity, and inclination of the asteroid),
which is <3 for ~90% of numbered Jupiter family comets
and >3 for nearly 100% of numbered asteroids with a <
3.3 AU, has a value T = 3.55, exceeding the largest known
cometary value of 7 = 3.18 for P/1996 N2 Elst-Pizarro
[orbital elements used to compute T were taken from the
JPL Solar System Dynamics homepage at: http:/
ssd.jpl.nasa.gov/(Chamberlin et al. 1997)]. The orbital evo-
lution of Adonis seems consistent with an origin either as
a main-belt asteroid or as a Jupiter family comet, but its
present orbit is not obviously cometary. No optical spectra
are available, nor is there any evidence of cometary activ-
ity. Ostro (1985) and Weissman et al. (1989) suggested that
Adonis’ high circular polarization ratio might be due to
the presence of water ice, but subsequent observations
indicate that water ice is not required to produce high
circular polarization ratios. Furthermore, we do not know
what the radar properties of inactive cometary nuclei are,
and comparisons with active cometary nuclei may not be
meaningful because their radar properties may be very
different. However, the radar properties of Adonis differ
markedly from those of the active comets best studied by
radar: C/1983 H1 IRAS-Araki-Alcock (Goldstein et al.
1984, Harmon et al. 1989), 26P/Grigg—Skjellerup (Kamoun
1983), and C/1996 B2 Hyakutake (Harmon et al. 1997)

have lower mean circular polarization ratios (uc < 0.5)
and low radar albedos (6oc = 0.1). Thus the existing radar
observations do not provide compelling evidence either
for or against a cometary origin of Adonis.

5. FUTURE RADAR OPPORTUNITIES

Table V lists observing opportunities for each asteroid
at Arecibo and Goldstone during 1997-2020. Arecibo ob-
servations should yield echoes stronger than existing data
by factors that range from two for Adonis to an order of
magnitude for Aten and 1992 QN. Any of the opportunities
with SNRs >20 should permit resolution of echoes in time
delay. For Aten, Eger, and 1992 QN, the best opportunities
should yield images adequate to construct crude shape
models. Future observations certainly should improve
upon our estimated polarization ratios.
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(750 m) X 12.3 Hz (bottom left) and 7 us (1050 m) X 5.86 Hz (bottom
right) delay-Doppler images obtained on 1996 July 29. Each image shows
the distribution of echo power in standard deviations relative to Eger’s
estimated center-of-mass frequency and distance. The radar illuminates
Eger from the top and range increases toward the bottom. Weighted
sums in each image of ~6 contiguous pixels with echo power exceeding
the 2-sigma level achieve SNRs of ~7, yielding a delay estimate of
133,166,634 = 10 ws at the epoch: 1996 July 29 13:00:00 UTC. The 1996
radar astrometry shrinks the 1-sigma plane-of-sky error ellipse area at
the time of Eger’s next close encounter in 2001 by ~40% and reduces
standard errors in Eger’s radial position and velocity vector components
by about a factor of two. Echo power spectral points from the radar
image with resolution cells of 750 m X 12.3 Hz are weighted sums taken
from the two range rows that contain echoes. The 1050 m X 5.86 Hz
resolution echo power spectrum is taken from the one row containing
echoes.



310 BENNER ET AL.

3103 EGER

[ —— radar albedo 1
0.5 [ —— radar albedo + 50% uncertainty ]
o ~—~= visual geometric albedo p,
° = MBA C
Q I I MBA M 1
o 04rF g MBA S ]
= s GI; m NEAC
= I
= o ¢ NEAM
3 35 A
>03F 828
E | 3o
3 3
[ 2Q
> 3
(o] It
5 20 o
3 L 8
o L Q
0.1 F
00 [ 2 A A A A A 2 A A L A | A A i 1 A A A A 1 A 'y Y A 1 2 2 Py A
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Effective diameter or D,__, (km)

FIG. 16. Constraints on Eger’s diameter and radar and geometric albedos. Eger’s maximum bandwidth (Table III) and rotation period (Table
1) establish a lower bound on its maximum pole-on breadth D,,.x = 2.3 km.

30 T y T y T T T ” TABLE V
I | Future Radar Opportunities: 1997-2020
3103 EGER
1986
3 -q:'"h- 1 Arecibo  Goldstone
TARGET DATE Distance (AU) SNR SNR
g ° i
2 + 4 19%6
E | 1 2062 Aten 2012 024 30
o + 1991 Aug 2 2013 0.25 30
k< I 7 2014 0.15 220 10
i + 1991 Aug 5 2015 0.19 70
-30 -
| ] 2101 Adonis 2002 0.17 30
+ 1991 Aug 10 2018 0.22 10
[ ] 3103 Eger 2001 0.16 200 50
60 . : ! . . ! . . 2006 0.17 190 30
-30 0 30 60 2011 0.19 130 20
Ecliptic Longitude 2016 0.22 80 10
FIG. 17. Ecliptic positions of Eger in 1986, 1991, and 1996. 4544  Xanthus 2006 023 30
2007 0.20 50
1992 QN 2005 0.26 40
2009 021 110
2018 0.25 50

Note. Predictions for future observations in which the OC SNR per day
exceeds 10 for nominal parameters of the upgraded Arecibo telescope.
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